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The Ubiquitin Proteasome System Functions
as an Inhibitory Constraint on Synaptic
Strengthening
synaptic plasticity, regulated protein degradation through
the ubiquitin proteasome system (UPS) provides an-
other common means of altering the protein composi-
tion of cells. As a mechanism for regulating the macro-
molecular composition of cells, regulated protein
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Proteins are targeted for degradation in the UPS by
conjugation of ubiquitin, a small, 76 amino acid protein.
Ubiquitin conjugation requires the sequential activity ofSummary
three enzymes: the ubiquitin-activating enzyme, E1, a
ubiquitin carrier protein E2, and a ubiquitin ligase E3,Background: Long-lasting forms of synaptic plastic-
which ligates the ubiquitin to a lysine residue in theity have been shown to depend on changes in gene
substrate protein (for review, see [3, 4]). Polyubiquiti-expression. Although many studies have focused on the
nated proteins are typically targeted to the 26S protea-regulation of transcription and translation during learn-
some for degradation [5]. Recent studies have, however,ing-related synaptic plasticity, regulated protein degra-
illuminated a number of alternative consequences ofdation provides another common means of altering the
protein ubiquitination. For example, ubiquitination hasmacromolecular composition of cells.
been shown to regulate membrane trafficking, includingResults: We have investigated the role of the ubiquitin
the internalization of plasma membrane proteins andproteasome system in long-lasting forms of learning-
their degradation in the lysosome [6, 7].related plasticity in Aplysia sensory-motor synapses.
In neurons, ubiquitin-mediated degradation of pro-We find that inhibition of the proteasome produces a
teins by the proteasome has emerged as an importantlong-lasting (24 hr) increase in synaptic strength be-
mechanism for regulating synaptic function and struc-tween sensory and motor neurons and that it dramati-
ture [8, 9]. Genetic studies in Drosophila melanogastercally enhances serotonin-induced long-term facilitation.
have revealed a role for ubiquitination during axon guid-The increase in synaptic strength produced by protea-
ance and synapse formation [10–13]. These studies havesome inhibitors is dependent on translation but not tran-
indicated that the process of neuronal connectivity de-scription. In addition to the increase in synaptic strength,
pends on a balance of negative and positive regulatorsproteasome inhibition leads to an increase in the number
of the ubiquitin pathway. The UPS has also been shownof synaptic contacts formed between the sensory and
to play a role in growth cone guidance in Xenopus retinalmotor neurons. Blockade of the proteasome in isolated
axons [14], where inhibition of the proteasome has beenpostsynaptic motor neurons produces an increase in
shown to block the responsiveness of growth cones tothe glutamate-evoked postsynaptic potential, and block-
chemoattractants and repellents. In C. elegans, ubiquiti-ade of the proteasome in the isolated presynaptic sen-
nation of glutamate receptors has been shown to de-sory cells produces increases in neurite length and
crease the number of glutamate receptors at synapsesbranching.
as well as the number of glutamate receptor-containingConclusions: We conclude that both pre- and postsyn-
synapses and has thereby been shown to decrease syn-aptic substrates of the ubiquitin proteasome function
aptic strength [15]. A recent study by Ehlers [16] hasconstitutively to regulate synaptic strength and growth
shown that chronic alterations in activity dramaticallyand that the ubiquitin proteasome pathway functions in
modulate the composition of the postsynaptic densitymature neurons as an inhibitory constraint on synaptic
in a manner that depends at least partially on ubiquitin-strengthening.
mediated proteolysis. In terms of a role for the UPS in
learning-related synaptic plasticity, studies have shown
Introduction that long-term facilitation in Aplysia involves the UPS
[17, 18], and ubiquitination has been shown to affect
Long-lasting forms of synaptic plasticity have been dif- hippocampal long-term potentiation in mice [19] and
ferentiated from transient forms of plasticity by their rats [20]. The many human neurodegenerative diseases
requirement for changes in gene expression [1, 2]. Al- that involve disturbances in the ubiquitin pathway, for
though many studies have focused on the regulation example Parkinson’s and Huntington’s diseases, serve
of transcription and translation during learning-related to further illustrate the central importance of the UPS in
neuronal structure and function [21].
In addition to the UPS, other proteases have been*Correspondence: kcmartin@mednet.ucla.edu
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implicated in synaptic plasticity as well. For example, strates as they are degraded in the proteasome and to
thereby increase the pool of free ubiquitin in the cell.calpain appears to play a role in long-term potentiation
(LTP) and other forms of synaptic plasticity [22, 23]. A Finally, the immediate early gene C/EBP, which is re-
quired for the consolidation of LTF [33], has been shownserine protease, tissue plasminogen activator (tPA), is
induced during LTP and has been shown to have a to be a substrate for the UPS in its dephosphorylated
(inactive) form [45]. Together, these findings have led tofunction in LTP and memory [24–26]. Unlike calpain and
tPA, UPS is a multicomponent system and can therefore the hypothesis that the primary function of the UPS
during synaptic plasticity is to remove inhibitory con-be regulated at a number of steps [3, 8].
To elucidate the exact role of the UPS in long-lasting straints on synaptic strengthening.
Immunological detection of proteins conjugated toforms of learning-related synaptic plasticity, we have
examined the effects of proteasome inhibition on synap- ubiquitin in Aplysia CNS indicates that the number of
UPS substrates is relatively large [17]. This, togethertic strength and growth and on long-term facilitation
(LTF) of Aplysia sensory-motor neurons. The connec- with the important and diverse roles ubiquitin-mediated
proteolysis has been shown to play in the nervous sys-tions formed between Aplysia sensory and motor neu-
rons are central components of one of the animal’s de- tem [8], has led us to revisit the role of the UPS in
synaptic strength, growth, and plasticity of Aplysia sen-fensive reflexes, the gill withdrawal reflex, in which a
tactile stimulus to the siphon produces a defensive with- sory-motor synapses. Our studies indicate that inhibi-
tion of the proteasome produces a long-lasting (24 hr)drawal of the gill. This reflex undergoes many forms of
behavioral modification, including sensitization, a non- increase in synaptic strength between sensory and mo-
tor neurons and, in contrast to a previously publishedassociative form of learning in which a tail shock pro-
duces an increase in the strength of the sensory-motor study [44], that it dramatically enhances serotonin-
induced long-term facilitation. In addition to the increaseneuron connection [27]. When Aplysia sensory-motor
synapses are reconstituted in culture, they undergo in synaptic strength, proteasome inhibition produces
an increase in the growth of synaptic contacts formedshort- and long-lasting forms of plasticity characteristic
of the intact animal [28, 29]. One brief application of the between the sensory and motor neurons. Blockade of
the proteasome in isolated postsynaptic motor neuronsmodulatory neurotransmitter serotonin (5-HT), released
by interneurons during sensitization of the gill with- produces an increase in the glutamate-evoked postsyn-
aptic potential, and blockade of the proteasome in thedrawal reflex, produces a transient increase in synaptic
strength. This increase, termed short-term facilitation, isolated pre-synaptic sensory cells produces increases
in neurite outgrowth, indicating that both pre- and post-lasts for minutes and involves covalent modification of
preexisting proteins. Five spaced applications of 5-HT synaptic substrates of the proteasome regulate synaptic
strengthening.produce an increase in synaptic strength, LTF, which
lasts for days and is associated with the growth of new
synaptic connections [28, 30]. The consolidation of
Resultsshort- to long-lasting forms of synaptic plasticity has
been shown to require both mRNA and protein synthesis
Inhibition of the Proteasome Enhances[28, 31]. Investigation of mRNA transcription during LTF
5-HT-Induced LTFhas indicated that it depends on activation of the PKA
To analyze the role of ubiquitin-mediated proteolysisand MAPK pathways, activation of the CREB-1 tran-
during long-term plasticity, we tested the effects ofscription factor, derepression of CREB-2, and the induc-
ubiquitin proteasome inhibitors on serotonin (5-HT)-tion of a set of immediate early genes, which include
induced long-term facilitation in cultured pleural sen-C/EBP and ubiquitin C-terminal hydrolase [18, 32–36].
sory-LFS siphon motor neuron synapses. Specifically,Studies of the effects of 5-HT on translation and protein
we measured sensory-motor excitatory postsynapticconcentration in Aplysia sensory neurons have indicated
potentials (EPSPs) in cultures before and 24 hr after theythat 5-HT produces an initial decrease followed by an
received one of the following: mock treatment, treatmentincrease in overall protein synthesis [37, 38], and 2-D
with five pulses of 5-HT, or treatment with five pulsesSDS PAGE analyses have indicated that although 5-HT
of 5-HT and the specific and irreversible proteasomeincreases the concentration of some proteins, it pro-
inhibitor clasto-lactacystin -lactone. As shown in Fig-duces decreases in the concentration of others [37, 39,
ure 1A, mock-treated cultures did not show a significant40]. Studies of protein synthesis during LTF have also
change in EPSP amplitude 24 hr later (11%  8% de-revealed that synapse-specific forms of LTF depend on
crease, n  14), whereas cultures treated with fivelocal protein synthesis at the synapse [41, 42].
spaced applications of 5-HT underwent long-term facili-The studies of transcriptional and translational regula-
tation, with a significant increase in EPSP amplitudetion by 5-HT have also revealed a role for regulated
(114%  23% increase, n  17, p  0.0001 versusprotein degradation through the UPS during LTF. First,
control, unpaired t test). When clasto-lactacystin -lac-the regulatory subunit of PKA has been shown to be a
tone (10 M) was applied immediately after the fivesubstrate for ubiquitin-mediated degradation, and this
pulses of 5-HT, we observed a significant enhancementhas been hypothesized to result in persistent PKA activ-
of long-term facilitation (353%  59% increase in EPSPity in the absence of cAMP elevations [17, 43, 44]. Sec-
amplitude, n  11). Similar results were obtained whenond, one of the immediate early genes induced during
clasto-lactacystin -lactone was given prior to the fiveLTF is an ubiquitin C-terminal hydrolase [18]. This deubi-
pulses of 5-HT (our unpublished data). To confirm thesequitinating enzyme is associated with the proteasome
and is thought to remove ubiquitin monomers from sub- results, we used another specific and potent inhibitor
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Figure 1. Bath Application of Proteasome Inhibitors Enhances 5-HT-Induced LTF
(A) The EPSP amplitude of Aplysia sensory-motor synapses was measured on day 4 in vitro. Cultures were then mock-treated (control), treated
with five pulses of 5-HT (10 M) given at 20 min intervals (see Experimental Procedures), or with five pulses of 5-HT followed by immediate
application of the irreversible proteasome inhibitor clasto-lactacystin--lactone (10 M). EPSP amplitude was then remeasured 24 hr later.
Shown are representative traces (blue, day 4; pink, day 5) and a histogram of the mean percent changes in EPSP amplitude in each group.
Five pulses of 5-HT produce long-term facilitation of sensory-motor synapses; this facilitation is enhanced in the presence of the proteasome
inhibitor clasto-lactacystin--lactone. ANOVA followed by Newman Keul’s multiple comparison test reveals a significant difference between
all groups (F  27; 5-HT versus control, p  0.001; 5-HT versus 5-HT  lactone, p  0.001).
(B) Cultures were treated as in (A), except that the proteasome inhibitor z-leu-leu-leu-B(OH)2 (z-leu-leu) was given immediately after the
application of five pulses of 5-HT. ANOVA followed by Newman Keul’s multiple comparison test reveals a significant difference between all
groups (F  34, 5-HT versus control, p  0.001; 5-HT versus 5-HT  z-leu-leu, p  0.001).
of the proteasome, Z-leu-leu-leu-B(OH)2, and found that spike, or, when this was not possible, an EPSP ampli-
tude value of 65 mV was used.it also produced a significant enhancement of serotonin-
induced long-term facilitation when applied after five
pulses of serotonin. As shown in Figure 1B, mock- Inhibition of the Proteasome Increases
Synaptic Strengthtreated cultures did not undergo a significant change in
EPSP amplitude at 24 hr (7%  6% decrease, n  7), We next asked whether inhibition of the proteasome on
its own produced any long-term changes in synapticcultures treated with five pulses of serotonin underwent
a 125%  40% increase in EPSP amplitude (n  6), and strength. In these experiments, the 24 hr change in EPSP
amplitude was measured in control cultures and in cul-cultures treated with 5 M Z-leu-leu-leu-B(OH)2 under-
went a 320%  41% increase in EPSP amplitude (n  tures treated with either 10 M clasto-lactacystin
-lactone or 5 M Z-leu-leu-leu-B(OH)2. As shown in5). In many cases, the increase in synaptic strength
produced by 5-HT in the presence of the proteasome Figure 2, the 24 hr change in EPSP amplitude was not
significant in control cultures (1%  8% decrease, n inhibitor resulted in an action potential (see traces in
Figure 2). In these cases the EPSP amplitude was mea- 11) but increased 97%  18% (n  10) in cultures incu-
bated with clasto-lactacystin -lactone (10 M) andsured from the shoulder of the EPSP preceding the
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Figure 2. Proteasome Inhibitors Alone Increase Synaptic Strength at 1 hr and at 24 hr
The 24 hr increase is dependent on protein but not RNA synthesis. EPSP amplitude of Aplysia sensory-motor synapses was measured on
day 4 in vitro. Cultures were then treated with vehicle (0.1% DMSO) (control) or with 10 M clasto-lactacystin--lactone (lactone) or 5 M
z-leu-leu-leu-B(OH)2 (z-leu-leu). EPSP amplitude was then measured 1 or 24 hr later. Shown are representative traces taken for the 24 hr time
points (blue, day 4; pink, day 5) and a histogram of the percent change in EPSP amplitude (at 1 hr for the purple column; at 24 hr for the
other columns).
(A) Proteasome inhibition produces a significant increase in EPSP amplitude at 1 hr and at 24 hr (ANOVA, F  17; Dunnett’s post-hoc multiple
comparisons, 1 hr lactone versus control, p  0.05; 24 hr lactone versus control, p  0.001; 24 hr z-leu-leu versus control, p  0.001).
(B) Treatment with the irreversible transcriptional inhibitor actinomycin D (50 g/ml) for 90 min (30 min prior to -lactone incubation and 60
min after addition of -lactone) had no effect on the EPSP amplitude increase produced at 24 hr by proteasome inhibition and had no effect
on its own. Treatment with the protein synthesis inhibitor anisomycin (10 M) completely blocked the EPSP amplitude increase produced at
24 hr by proteasome inhibition and had no effect on its own (ANOVA, F  4.4; Dunnett’s post-hoc multiple comparisons, p  0.05 control
versus lactone; p  0.02, control versus actinomycin D plus lactone).
125%  17% (n  6) in cultures incubated with Z-leu- EPSP amplitude, we examined the effect of clasto-lacta-
cystin -lactone (10 M) 1 hr after its application andleu-leu-B(OH)2 (5M). Thus, blockade of the proteasome
produces an increase in synaptic strength on its own, found that it significantly increased EPSP amplitude (by
45%  13%, n  17) as compared to that of controlindicating that the proteasome functions constitutively
to inhibit synaptic strengthening. To begin to examine cultures.
To begin to analyze the mechanisms whereby inhibi-the kinetics with which proteasome inhibition increases
The UPS and Synaptic Plasticity
891
tion of the proteasome produced synaptic strengthen- (10 M) underwent a 50%  8% increase in glutamate-
evoked PSP at 24 hr. These findings indicate that ubiqui-ing, we asked whether it depended on either transcrip-
tion or translation. As shown in Figure 2B, incubation tin-mediated proteolysis, either directly or indirectly,
regulates the abundance of glutamate receptors on thewith the transcriptional inhibitor actinomycin D (50
g/ml) did not block the 24 hr increase in synaptic cell surface of postsynaptic cells.
strength produced by clasto-lactacystin -lactone. In
contrast, incubation with the translational inhibitor ani- Inhibition of the Proteasome Produces Increases
somycin (10 M) completely blocked the increase in in Neurite Outgrowth in Isolated
synaptic strength produced by clasto-lactacystin -lac- Sensory Neurons
tone. Thus, blockade of the proteasome increases syn- To investigate the role of ubiquitin-mediated proteolysis
aptic strength in a manner that is independent of tran- in the presynaptic sensory neuron, we examined the
scription but dependent on translation. effect of proteasome inhibition on sensory-neurite out-
growth (elongation) in isolated sensory-neuron cultures.
Sensory neurons were imaged by differential interfer-Microinjection of Proteasome Inhibitors into
ence contrast (DIC) microscopy on day 4 and were thenEither the Sensory or the Motor Neuron
treated with clasto-lactacystin -lactone (10M). Twenty-Increases Synaptic Strength
four hours later, they were again imaged by DIC micros-Chain et al. [44] have previously reported that microin-
copy. Neurite outgrowth was measured in control andjection of the irreversible proteasome inhibitor lactacys-
proteasome inhibitor-treated cultures. As shown in Fig-tin (10 M) into cultured Aplysia sensory neurons blocks
ure 5, there was a significant increase in neurite growth5-HT-induced long-term facilitation. Although this inhib-
in the sensory neurons treated with proteasome inhibi-itor is membrane permeant (as are all pharmacological
tors. Control sensory neurons underwent an average ofinhibitors of the proteasome), there is likely to be a
21.6  2.2 m growth/major neurite (n  36 neurons/greater concentration of inhibitor present in the microin-
168 neurites), whereas sensory neurons treated withjected cell than in the noninjected cell. We repeated
clasto-lactacystin -lactone underwent an averageand extended these experiments by injecting 10 M
growth of 51.4 5.5 m /major neurite (n 40 neurons/lactacystin into either the sensory or the motor neuron
182 neurites).and determined the effect of these injections on long-
term facilitation evoked by five pulses of 5-HT. In con-
trast to the previously reported experiments, we did Inhibition of the Proteasome Increases the
not find that this inhibitor blocked long-term facilitation. Number of Synaptic Contacts between
Rather, as shown in Figure 3, we found that microinjec- Sensory and Motor Neurons
tion of lactacystin into sensory neurons in combination Long-term facilitation in Aplysia is associated with the
with application of five pulses of 5-HT produces a growth of new synaptic connections, which can be visu-
122%  41% increase in EPSP amplitude at 24 hr (n  alized at the light-microscopic level as an increase in
10) and that microinjection of lactacystin into motor neu- varicosity number. To visualize the effect of proteasome
rons in combination with application of five pulses of inhibition on synaptic growth in Aplysia sensory-motor
5-HT produces a 146%  36% increase in EPSP ampli- synapses, we labeled sensory cells with the dye Alexa
tude at 24 hr (n 8). Although these changes are signifi- fluor hydrazide 488 and motor cells with the dye Alexa
cantly greater than those observed in mock-treated cul- fluor hydrazide 568 and imaged cultures before and 24
tures, they are not significantly different from the hr after incubation with the proteasome inhibitor clasto-
increases observed in cultures that were treated with lactacystin -lactone (10 M). As shown in Figure 6E,
five pulses of 5-HT but that did not receive proteasome cells treated with the proteasome inhibitor underwent a
inhibitors. This suggests that the enhancement of long- 45% 13% increase in varicosity number after 24 hr. In
term facilitation induced by inhibition of the proteasome addition, application of the proteasome inhibitor pro-
only occurs if both pre- and postsynaptic proteasomes duced a striking increase in neurite outgrowth (elonga-
are blocked. Lactacystin (10 M) injected into either the tion) in some (six of 14 cultures) sensory neurons, as is
sensory or the motor neuron in the absence of 5-HT apparent in Figures 6C and 6C.
also produces a significant increase in EPSP amplitude
at 24 hr (86%  40% increase in cultures receiving Discussion
motor neuron injection of lactacystin, n 7; 52% 14%
increase in cultures receiving sensory neuron injection Inhibiting the UPS Increases Synaptic
of lactacystin, n  6, Figure 3). Strength and Growth
We have examined the role of the UPS in learning-related
synaptic plasticity by using cultured Aplysia californicaInhibition of the Proteasome Increases
the Glutamate-Evoked PSP in Isolated sensory-motor synapses as a model system. We find
that inhibition of the proteasome with three specificMotor Neurons
To further investigate the role of ubiquitin-mediated pro- pharmacological inhibitors, lactacystin, clasto-lactacys-
tin--lactone, and z-leu-leu-leu-B(OH)2 [46], produces ateolysis in the postsynaptic motor neuron, we tested the
effect of proteasome inhibition on glutamate (2 mM)- significant enhancement of long-term facilitation and
that proteasome inhibition alone serves to increase syn-evoked PSPs. As shown in Figure 4, the glutamate-
evoked PSP is stable over a 24 hr period (15%  1% aptic strength. Our results further indicate that both pre-
and postsynaptic substrates of the proteasome underliedecrease, n  8). However, motor neurons treated with
the proteasome inhibitor clasto-lactacystin -lactone this effect. Increases in synaptic strength are observed
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Figure 3. Microinjection of Proteasome Inhibitors into the Sensory and Motor Neuron Produces Synaptic Strengthening
The EPSP amplitude of Aplysia sensory-motor synapses was measured on day 4 in vitro. One hour later, sensory neurons (sn) or motor
neurons (mn) were microinjected either with vehicle (0.1% DMSO, control) or with 10 M lactacystin. Some of the cultures received five pulses
of 5-HT; others were returned to the incubator. EPSP amplitude for all cultures was then measured 24 hr later. Shown are representative
traces and a histogram of the percent change in EPSP amplitude at 24 hr. Five pulses of 5-HT produce long-term facilitation (LTF) of sensory-
motor synapses in control (vehicle-injected) cultures (black column in histogram). Microinjection of lactacystin into the sensory neuron (dark-
pink column) does not block 5-HT-induced LTF; nor does microinjection of lactacystin into the motor neuron (dark-blue column). Microinjection
of lactacystin into the sensory neuron without any 5-HT application (light-pink column) produces a 24 hr increase in EPSP amplitude. Similarly,
microinjection of lactacystin into the motor neuron (light-blue column) produces a 24 hr increase in EPSP amplitude. (ANOVA, F  3; Dunnett’s
multiple comparison test, control versus 5 5-HT, p  0.05; control versus 5 5-HT  sn lactacystin, p  0.05; control versus 5 5-HT 
mn lactacystin, p  0.01; control versus sn lactacystin, p  0.05; control versus mn lactacystin, p  0.05).
with injection of inhibitors into either the presynaptic that it depended on translation but not transcription.
Recent studies have shown that the composition of thesensory or the postsynaptic motor neuron. Furthermore,
we show that proteasome inhibitors produce increases postsynaptic density in cultured mammalian neurons is
dramatically altered in response to activity and that thisin the glutamate-evoked PSP, suggesting that glutamate
receptor abundance is, directly or indirectly, regulated alteration requires ubiquitin-mediated proteolysis [16].
Together with our previous studies demonstrating a re-by ubiquitin-mediated proteolysis. Proteasome inhibi-
tion is also associated with outgrowth of neurites in quirement for local translation in sensory neurites during
synapse-specific forms of LTF [41], these results sug-isolated sensory neurons and of new synaptic contacts
between cocultured sensory and motor neurons. We gest that synaptic efficacy is affected by the balance of
local translation and local degradation at the synapsefind that, in addition to playing these roles in long-term
facilitation, proteasome inhibition produces relatively and, furthermore, that such local changes in protein
composition can produce synaptic plasticity over a 24 hrrapid (1 hr) increases in synaptic strength. Together,
these results indicate that ubiquitin-dependent proteol- period in the absence of any transcriptional contribu-
tions.ysis may contribute to synaptic plasticity over a variety
of time domains and may function overall as an inhibitory
constraint on synaptic strengthening. The UPS May Play Distinct Roles in the Cell Body
and at the SynapseLong-lasting forms of synaptic strengthening have
usually been found to depend on new RNA and protein Our findings are in contrast to previous Aplysia studies,
which have suggested that ubiquitin proteolysis servessynthesis [2]. In analyzing the 24 hr increase in synaptic
strength produced by proteasome inhibition, we found to remove inhibitory constraints on synaptic strengthen-
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the “dominant” effect of increasing synaptic strength.
Studies have shown that the proteasome is present both
in the cell body and at the synapse of Aplysia neurons
[17], and more recently, a regulatory subunit of the pro-
teasome that is localized exclusively in the nucleus has
been identified (Upadhya, S.C., et al., 2002, Soc. Neu-
rosci., abstract, and A.N.H., unpublished data). Two fac-
tors could influence whether the proteasome inhibitor
used in Chain et al. [44] inhibited proteasome activity
primarily in the cell body or synapse. First, there is signif-
icant variability in the amount of inhibitor introduced
into a cell by microinjection. Thus, if very small quantities
were delivered into the cell body, this would block the
proteasome primarily at the cell body (in particular be-
cause the active form of lactacystin, -lactone, binds
tightly to the proteasome). Second, there can be signifi-
cant variability in the distance between the sensory cell
body and the sites of synaptic contact with the motor
neuron. At one extreme, sensory neuron-motor neuron
soma-soma synapses can be studied [477]; at the other
extreme, the distance between sensory cell body and
the initial site of contact with the motor neuron can
be 500 m or greater [41]. In our studies, the distance
between sensory and motor neurons ranged from 100
to 500 m. Thus, depending on the distance between
sensory cell body and synapse, and depending on the
amount of inhibitor injected into the sensory cell, synap-
tically localized proteasomes might or might not be in-
hibited. Thus, one explanation for the discrepancy be-
tween our results and those of Chain et al. [44] is that
Figure 4. Proteasome Inhibitors Increase the Glutamate-Evoked proteasome inhibition at the cell body blocks synaptic
PSP in Isolated Motor Neurons strengthening, whereas proteasome inhibition at the
Isolated LFS motor neurons were cultured for 4 days, and the gluta- synapse promotes synaptic strengthening, and that the
mate-evoked PSP was measured by local application of 2 mM gluta-
latter is the “dominant” effect. Thus, we would expectmate with a puffer electrode (see Experimental Procedures). Images
that when proteasome inhibitors are applied to the syn-were taken during the glutamate application (fast green was in-
apse as well as to the cell body, the synapse prevails,cluded to visualize the perfusion). Motor neurons were then incu-
bated with either vehicle (0.1% DMSO, control), or with 10M clasto- i.e., there is a net increase in synaptic strength. The
lactacystin -lactone (-lactone). Glutamate was applied 24 hr later ability to perfuse inhibitors locally at the synapse in
to the same location (the image was used for guiding perfusion sensory-motor cultures [41] and to measure synaptic
location), and the glutamate-evoked PSP was again measured. Pro-
strength between isolated sensory neurites (from whichteasome inhibition significantly increased the glutamate-evoked
cell bodies have been removed) forming contact withPSP at 24 hr (p  0.05, unpaired t test). Blue and pink lines are
motor neurons [48] will allow this hypothesis to be testedglutamate-evoked PSPs before and 24 hr after application of
-lactone, respectively. in future experiments.
Ubiquitin Proteasome Inhibitors Could Affecting [44]. Although we do not yet understand this discrep-
ancy, there are a number of potential explanations. The Other Functions of Ubiquitination
To investigate the role of the UPS in synaptic plasticity,first and most trivial is that we are using a different type
of target motor neuron in our cultures (LFS as opposed we have used specific pharmacological inhibitors of the
proteasome. While the clearest interpretation of our re-to L7 motor neuron). We do not, however, believe this
to be the explanation because we have assayed the sults is that protein degradation by the proteasome reg-
ulates synaptic strength, inhibiting the proteasome willeffect of sensory-neuron microinjection of lactacystin
(10 M) on 5-HT-induced long-term facilitation in cul- also affect the concentration of free ubiquitin in the cell,
and this in turn could affect non-proteasome functionstures containing L7 motor neurons, and the results are
indistinguishable from those presented for the sensory of ubiquitin. Thus, for example, the increase in gluta-
mate-evoked PSPs induced by proteasome inhibitorsneuron-LFS cultures shown in Figure 2, with no blockade
of long-term facilitation occurring (n  5, our unpub- could be an indirect effect, due to the depletion of ubi-
quitin levels in cells, and the consequent increase inlished data). Furthermore, to our knowledge, no differ-
ence in the mechanisms of short- or long-term facilita- abundance of glutamate receptors at the cell surface
[15]. Our finding of sensory neurite outgrowth and in-tion has ever been detected in studies using either type
(LFS or L7) of target motor neurons. creases in the number of varicosities formed between
the sensory and motor neurons could similarly be dueA more interesting possibility is that the UPS plays
distinct roles at the cell body and at the synapse, with to changes in the free ubiquitin pool producing changes
in the internalization of the cell adhesion molecule Ap-blockade of the proteasome at the synapse producing
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Figure 5. Proteasome Inhibitors Induce Neurite Outgrowth/Elongation in Isolated Sensory Neurons
Isolated sensory neurons were grown for 4 or 5 days in culture. They were then imaged by DIC microscopy with a 10 objective lens. Cultures
were then treated either with vehicle (0.1% DMSO, control) or with 10 M clasto-lactacystin -lactone. Twenty-four hours later, the sensory
neurons were again imaged by DIC microscopy. These images were analyzed with Universal Imaging Metamorph software to measure neurite
length (imaging and analysis was done by a separate individual). Shown are representative micrographs: (A) control at initial time point 4; (A)
control 24 hr later; (B) clasto-lactacystin -lactone on initial day (prior to inhibitor application); (B) clasto-lactacystin -lactone 24 hr later.
Shown in (C) is a histogram of the differences in neurite length over the 24 hr period. Proteasome inhibitors produced a significant increase
in neurite outgrowth (elongation) at 24 hr (p  0.001, unpaired t test). The scale bar represents 50 m. Arrows in (A) and (C) point to sites
shown at higher power in (A) and (C). Arrows in (D) point to a site where neurite outgrowth has occurred over a 24 hr period in the presence
of proteasome inhibitors.
CAM, an NCAM homolog whose cytoplasmic tail con- days) been removed from the mature CNS, are thus in
a state of outgrowth, and perhaps are searching fortains PEST sequences and which has been shown to
internalize during 5-HT-induced LTF [49, 50]. synaptic partners (isolated sensory neurons do not
make autapses and do not make chemical synapses
with one another in culture).Proteasome Inhibition Produces
Structural Changes Examination of sensory-motor cocultures (Figure 6)
revealed that proteasome inhibition produced an in-As shown in Figure 5, we found that the proteasome
inhibitor clasto-lactacystin -lactone increased neurite crease in varicosity number and in many, but not all,
cultures produced an increase in neurite outgrowthoutgrowth (elongation) in isolated sensory neurons. To
our surprise, we found that control (vehicle-treated) iso- (elongation). Correlative light/electron-microscopic stud-
ies have indicated that varicosities are the sites of syn-lated sensory neurons also underwent a significant
amount of growth over a 24 hr period. This presumably aptic contact between sensory and motor neurons (al-
though not all varicosities contain active zones) and thatreflects the fact that these neurons have recently (4
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Figure 6. Proteasome Inhibitors Increase the Number of Synaptic Contacts Formed between Sensory and Motor Neurons
Aplysia sensory-motor synapses were cultured for 4 days, at which time the EPSP amplitude was measured. Sensory neurons were subsequently
labeled with Alexa fluor 488 (green), and motor neurons were labeled with Alexa fluor 568 (red) via hyperpolarizing current or pressure injection.
Two to 4 hr later, the cells were imaged by confocal microscopy at low light levels. A single low-magnification image was taken, and this was
followed by a high-magnification image to focus on varicosities, sites of synapse formation. Cells were then returned to the incubator, EPSP
amplitude was measured the following day, and the cells were reimaged both at low magnification and at high magnification. Shown are
representative photomicrographs. (A) Control culture at initial time point and 24 hr later. High-magnification images of the area indicated by
the white arrow are shown in the smaller panels to the right and illustrate a set of four sensory-neuron (green) varicosities that remain stable
over the 24 hr period. Shown in (B) is a high-magnification image from another control culture, again illustrating a varicosity that is stable
over the 24 hr period. (C) clasto-lactacystin -lactone-treated culture at the initial time point and 24 hr later. Arrowheads point to substantial
outgrowth of sensory neurites. A white arrow points to a region shown at higher magnification in panels to the right. This higher magnification
region illustrates an increase in the number of sensory-neuron varicosities forming onto the motor neuron. Shown in (D) is a high-magnification
image of another clasto-lactacystin -lactone-treated culture. The white arrow points to the growth of the sensory neuron along the motor
neuron process. Shown in (E) is a histogram of the percent change in varicosity number over the 24 hr period (p  0.05, unpaired t test).
Shown in (F) is a histogram showing the percent change in EPSP amplitude in the imaged cultures (p  0.05, unpaired t test). The scale bar
represents 50 m in low-magnification images and 8 m in high-magnification images.
varicosity number has a positive correlation with EPSP at the 24 hr time point [30, 51]. Our finding of increases
in varicosity number 24 hr after incubation with protea-amplitude [51]. Varicosity number has previously been
shown to be stable between days 4 and 6 in Aplysia some inhibitors resembles the 5-HT-induced increase
in varicosity number [30]. Most of the new varicositiessensory-motor cocultures, and 5-HT-induced LTF has
been shown to produce increases in varicosity number were found along preexisting neurites. However, in
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from animals purchased from the University of Miami Mariculturesome cultures, significant neurite outgrowth was ob-
Facility (Miami, FL). Ganglia were removed from animals anesthe-served, and new varicosities were found along these
tized with 0.35 M MgCl2. After incubation for 2 hr 15 min (1 hr 50new neurites.
min for L7 motor neurons) with 10 mg/ml of Protease Type IX (Sigma)
at 34	C, the ganglia were desheathed, and identified neurons were
What Is the Relationship between 5-HT-Induced removed by microdissection with sharp electrodes. Neurons were
transferred to culture dishes, and the sensory neuron processesLTF and Synaptic Strengthening Produced
were carefully manipulated to contact the motor neuron. Culturesby Proteasome Inhibition?
were left on the microscope stage overnight and then transferredAlthough we find that proteasome inhibition enhances
to an 18	C incubator for 4–5 days prior to the experiment. Detailed
5-HT-induced LTF, the relationship between the synap- methods for culture preparation are available at http://www.
tic strengthening induced by 5-HT and that induced by gonda.ucla.edu/researchlabs/martin/.
proteasome inhibitors remains unclear. This question
Electrophysiologywill be clarified by future investigation of the similarities
After 4 days in culture, the strength of the synaptic connectionbetween both forms of synaptic strengthening. In partic-
between each sensory and motor neuron was measured. Notably,ular, it will be of interest to identify the proteasome
we have observed that synaptic strength in these cultures remains
substrates that function to promote synaptic growth stable between 2 and 7 days in culture (our unpublished data). To
and strengthening and to determine whether and how measure synaptic strength, we impaled sensory and motor neurons
with sharp glass electrodes (20–40 mOhm resistance) filled withdegradation of these substrates is regulated during
1.5 M K-acetate, 0.5 M KCl, and 0.01 M HEPES (pH 7.2). Motorlearning-related forms of synaptic plasticity. Our experi-
neurons were held at
80 mV, and sensory neurons were held at
50ments indicate that such substrates are present in both
mV. EPSPs were evoked by intracellular stimulation of the sensorythe presynaptic sensory neuron and the postsynaptic neuron (1–3 nA for 5 ms) with a Grass (West Warwick, RI) S88
motor neuron. Candidates in the presynaptic sensory stimulator. EPSPs were recorded and measured with Axoscope 8.2
neuron include molecules involved in synaptic transmis- and pCLAMP 8 software (Axon Instruments, Union City, CA). The
mean initial EPSP amplitude of cultures used in all experiments wassion and growth. One specific potential presynaptic sub-
18.2 mV, and there was no significant difference between EPSPstrate is UNC-13, which, as described in the accompa-
amplitude in control and experimental sets. Cultures with initialnying paper [52], is a substrate of the UPS at the
EPSP amplitudes of less than 5 mV were not used. When the post-
Drosophila neuromuscular synapse. Regulated degra- treatment EPSP amplitude was a spike, the EPSP amplitude was
dation of the Aplysia homolog of UNC-13 during 5-HT- measured from the shoulder of the EPSP preceding the spike. If
induced LTF may underlie the increases in neurotrans- this was not possible, an EPSP amplitude of 65 mV was used.
Bath application of five pulses of serotonin was done as previouslymitter release that occur during LTF. Candidate substrates
described [28]. In brief, five 5 min applications of 10 M 5-HT wereof the UPS in the postsynaptic motor neuron include mole-
given at 20 min intervals, with the cultures being washed with 50%cules that affect glutamate receptor abundance on the
L15/50% artificial sea water during the 20 min intervals. Control
plasma membrane, as well as those involved in synapse cultures were treated with vehicle and washed in parallel with the
formation. Identification of UPS synaptic substrates that 5-HT-treated cultures. Protease inhibitors were applied in the bath
immediately after the last pulse of serotonin; in some experimentsare regulated during plasticity is of particular interest
(as noted in the text), they were given before and were presentbecause ubiquitin-mediated proteolysis shows both
throughout the five serotonin pulses. In experiments in which thetemporal and spatial specificity and could thus promote
effect of the inhibitors was examined in the absence of serotonin,
synapse-specific, long-lasting forms of learning-related the inhibitor was given immediately after the initial EPSP amplitude
plasticity. was measured. Lactacystin (Boston Biochem, Cambridge, MA) was
dissolved in DMSO at a concentration of 10 mM and used at a final
concentration of 10 M in most experiments. We tested the effectsConclusions
of 1–100 M lactacystin on 5-HT-induced LTF and did not observeOur results indicate that inhibition of the proteasome
inhibition of LTF at any concentration (our unpublished data). Clasto-
produces an increase in EPSP amplitude in cultured lactacystin--lactone (Boston Biochem, Cambridge, MA) was dis-
Aplysia sensory-motor synapses and that it enhances solved in DMSO at a concentration of 10 mM and used at a final
5-HT-induced LTF. The increase in synaptic strength concentration of 10 M in all experiments. Z-leu-leu-leu-B(OH)2
(Boston Biochem, Cambridge, MA) was dissolved in DMSO at aproduced by proteasome inhibitors is dependent on
concentration of 5 mM and used at a concentration of 5 M. Wetranslation but not transcription. Proteasome inhibition
also tested the effect of 500 nM z-leu-leu-leu-B(OH)2 on 5-HT-also increases the number of varicosities, sites of synap-
induced LTF and on basal synaptic transmission and did not observe
tic contact, between sensory and motor neurons and any differences (our unpublished data). In all experiments, control
increases neurite elongation in isolated sensory neu- cultures were treated with vehicle. In experiments using actinomycin
D, the inhibitor was dissolved in DMSO at a concentration of 25rons. Finally, incubation of isolated motor neurons with
mg/ml and used at a final concentration of 50g/ml. This concentra-proteasome inhibitors increases the glutamate-evoked
tion has been shown to block 5-HT-induced LTF and 95% of RNAPSP measured 24 hr later. These findings indicate that
synthesis in cultured Aplysia sensory-motor synapses [28]. Aniso-
proteolysis through the UPS functions overall to inhibit mycin was dissolved in DMSO at a concentration of 100 mM and
synaptic growth and strengthening in mature neurons. used at a concentration of 10 M. This concentration has been
shown to block 5-HT-induced LTF in cultured Aplysia sensory-motor
Experimental Procedures synapses [28].
To measure the effect of clasto-lactacystin--lactone on EPSP
Cell Culture amplitude 1 hr after application, we measured EPSPs on day 4 and
Culture dishes and media were prepared as previously described returned the cultures to the incubator. On day 5, the inhibitor was
[28, 53]. Sensory neurons were isolated from the pleural ganglia, added (vehicle to control cultures), and the EPSP amplitude was
and LFS motor neurons were isolated from the abdominal ganglia measured 1 hr later in both experimental and control cultures. This
of 80–100 g Aplysia californica, which were obtained from Alacrity protocol was developed to prevent confounding information from
Marine Supply (Redondo Beach, CA). In some experiments (as noted the profound homosynaptic depression that occurs at these syn-
apses.in the text), L7 motor neurons were used, and these were isolated
The UPS and Synaptic Plasticity
897
In microinjection experiments, lactacystin (10 M) was microin- Statistical Analysis
All statistical analysis was done with Prism (San Diego, CA)jected into the sensory or motor neuron with microinjection elec-
GraphPad software. In experiments involving more than two experi-trodes (5 mOhm resistance) via brief pressure pulses (10 psi, 5 
mental manipulations, data were analyzed either by a one-way anal-50 ms duration) delivered by a picospritzer (Harvard Apparatus,
ysis of variance (ANOVA) followed by a Dunnett’s multiple compari-Holliston, MA). In control experiments, sensory or motor neurons
son test to detect specific differences from the control group orwere injected with vehicle. Injections were done after measurement
by a Newman-Keul’s multiple comparison test to detect specificof the initial EPSP amplitude and 1 hr prior to application of five
differences between experimental groups. In experiments involvingpulses of 5-HT. Cells were visualized during microinjection, and suc-
a single control and single experimental group, an unpaired Stu-cessful microinjection was clearly apparent as a transient swelling of
dent’s t test was used to measure statistical significance. Resultsthe cell.
are given as means  standard error.To measure glutamate-evoked PSPs, we used a perfusion elec-
trode (2–3 m diameter tip) to deliver local puffs of 2 mM glutamate
Acknowledgments(Sigma) 30–50 m away from the LFS cell body by using a pico-
spritzer (10 psi, 50 ms). An inlet-outlet perfusion system was set up
We would like to thank Kendal Broadie for sharing information prior150–200 m away from the cell body. Images were taken during
to publication; Mark Barad, Kendal Broadie, Robert Moccia, andthe glutamate puff with a Hamamatsu (Bridgewater, NJ) Orca CCD
Larry Zipursky for comments on an earlier version of this manuscript;
camera, and these images were used for ensuring that the glutamate
and Marc Klein and all the members of the Martin and Barad labs
application was given in the same location on the following day. for helpful discussions. This work was supported by grants from
Images were taken of the glutamate application on this day as well the W.M. Keck Foundation, the Klingenstein Fund, the McKnight
as a comparison with the first day. Throughout the recording, the Fund, and National Institutes of Health (AA12716) to K.C.M. and
LFS motor neuron was held at 
80 mV. Glutamate was prepared by grants from the Whitehall Foundation and National Institutes of
fresh daily in artificial sea water, with 0.02% fast green included for Health (MH60225) to A.N.H.
visualization of the glutamate puff.
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